Abstract: Remarkably versatile chemistry of Bodipy dyes allows the design and straightforward synthesis of multivalent-multitopic derivatives, which, with judicious selection of metal ion-ligand pairs based on known affinities, affords control and manipulation of photoinduced electron transfer and internal charge transfer processes as desired. We have demonstrated that metal ions acting as modulators (or inputs, in digital design parlance) can generate absorbance changes in accordance with the operation of a halfadder. In addition, an AND logic gate in the emission mode was delivered using a different binucleating arrangement of ligands. A molecular equivalent of a three-input AND logic gate was also obtained exploiting differential binding affinities of metal ions for different ligands. The results suggest that different metal ions can be used as nonannihilating inputs, selectively targeting various ligands incorporated within a single fluorophore, and with careful design, diverse photophysical processes can be selectively modulated, resulting in a range of signals, useful in molecular logic design, and offering an enticing potential for multianalyte chemosensors.
Introduction
Molecular logic research today is built on an initial recognition by de Silva 1 that fluorescence signals obtained in response to cations could be considered to be analogous to the digital responses in electronic logic gates. Molecules can undergo changes in the ground or excited states, in response to modulators which can be other molecules, ions, or light of a certain wavelength. In most cases, these changes could then be signaled by changes in the emission intensity, or wavelength, and can be related to the operation of logic gates, Via the familiar Boolean logic. 2 In addition, it has become apparent that logic gate design using molecules may not necessarily be subject to the same limitations as the silicon-based analogues. One can design a single molecule which can simultaneously behave as two (or more) distinct logic gates, depending on the exact choice or definition of outputs.
3 On the other hand, while functional integration is possible within a single molecule, 4 at least partly because of input-output heterogeneity, integration of logic gates to implement more complex functions is far from being straightforward. Nevertheless, molecular logic gates represent a true bottom-up approach for information processing at the molecular level. The strongest aspect of molecular logic gates is the fresh new look, which provides a novel mental platform to build new ideas. More recently, logic gate research is perhaps being redefined as of late, with an eye on the applications, 5 the most interesting targets being the small spaces such as the inside of a cell, where silicon-based analogues are not expected to get in. 6 Among the possible signal modalities, changes in absorption or emission spectra are the most common ones. The photoinduced electron transfer (PET) process was particularly useful in this regard, as the signal, depending on the special circumstances, was either an "on-off" or "off-on" type, 7 resulting in a well-defined "digital" response. PET produces very sharp changes in the signal intensity, while keeping the emission wavelength unchanged.
8 Internal charge transfer (ICT, a.k.a., PCT: photoinduced charge transfer) 9,10 on the other hand can be modulated in such a way to generate changes in the absorption or emission wavelengths, which proved to be very useful for superposed logic gates, sometimes referred to as wavelength-reconfigurable logic gates. 11 Our first contribution in molecular logic gates in the year 2000 9a broke the near monopoly of PET processes in logic gate design. Molecular interactions, including cation binding, were known to produce shifts in the absorption and emission peaks, but it was this article which first presented the explicit use of spectral shifts to harvest two distinct superposed logic gates out of a single molecular recognition phenomenon. This was simply done by choosing two different observation wavelengths, i.e. two different channels. Naturally, by finer adjustment of the parameters, more than two logic gates can be obtained. ICT processes are, of course, highly desirable for this kind of design, as very large spectral shifts are the norm rather than exception in ICT fluorophores with electron donor (or acceptor) ligands as integral parts of the π-systems. To increase signal diversity, it is possible to include both PET and ICT processes on a single fluorophore. 9b We have demonstrated an example of that approach a few years ago, 6b and it is a very straightforward path to a molecular "halfsubtractor" once the inputs were chosen to be self-annihilating. In that article, we also restated the obvious, which is the fact that the assignment of "1" to a high signal and "0" to a low signal is arbitrary in both molecular and silicon-based information processing. The reverse is equally acceptable and known as "negative logic" in electronics. Annihilating inputs on the other hand is quite convenient, when one needs to produce an XOR gate, but the use of such inputs (like a strong acid and strong base) in logic gates would have quite a limited value, with any consideration of practicality ("reset" cabability is a notable exception 5s ). Especially in aqueous solutions, H + and OH -are not independent variables. It must be self-evident that the inputs in a logic gate have to be independent variables. With that kind of a perspective, it made a lot of sense for us to find new designs for simple logic elements, with a potential for integration and independently variable inputs. The key may be selectivity. Metal ions, with their inherent selectivities for ligands, have been used as chemical inputs in many molecular logic gates. Metal ions are Lewis acids, and it is possible to make use of them as nonselective agents, just like hydrogen ions. However, accumulated knowledge of ligand design, 10a and available quantitative data on metal-ligand affinities, should allow one to propose selective interactions in a mixture of metal ions with a molecule containing multiple ligating sites. 12 Selective targeting of different modulation sites within a fluorophore could be important for practical sensing applications as well.
The fluoroionophores of choice in this work is Bodipy-derived ( Figure 1) . 13 Bodipy dyes have become a rising star of fluorophores in the fluorescent chemosensor community 14 due to their remarkable properties such as a high quantum yield and large extinction coefficients. But more importantly, these dyes are open to derivatization in a multitude of ways through recently expanding "Bodipy chemistry". 15 Part of this versatile chemistry allowed us to design new Bodipy-based fluorescent molecules with different ligands attached at locations where the modulation of ICT and PET processes can be achieved independently. This is not an easy synthetic task for most other fluorophores. But, with Bodipy dyes, it is just a couple of well coordinated sequence of transformations.
Synthesis.
We targeted three different styryl-Bodipy derivatives 2, 4, and 7 ( Figure 1 ). In designing these compounds, we kept in mind that the meso-substituents are more likely to interfere with the excited state processes only, partly because of the orthogonal arrangement of the meso-(8)-phenyl moiety under the steric influence of the neighboring (1,7) methyl groups, and partly due to the fact that, in the HOMO of the Bodipy chromophore, the C8 position is a nodal point. Therefore, the substituents at the meso position are expected to alter the efficiency of the photoinduced electron transfer process (PET), but not intramolecular charge transfer (ICT). With this consideration, in the design of compound 2 (Scheme 1) the dipicolylamine ligand which is known to be selective for Zn(II) 14f,16 ions was placed at the 8-position (meso) of the Bodipy core. This is easily accomplished by the reaction of dipicolylaminesubstituted benzaldehyde 17 with 2,4-dimethylpyrrole under the usual conditions for Bodipy synthesis. The Bodipy dye 1 was then reacted with the known thiazacrown-tethered benzaldehyde 18 under Knoevenagel conditions, thus placing a strong ICT donor in full conjugation to the Bodipy core. The binucleating monostyryl-Bodipy (2) obtained in this way, was purified by column chromatography. The synthesis for the second target compound started with the known Bodipy dye, 4,4-difluoro-8-phenyl-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene.
15h Consecutive Knoevenagel condensation reactions of the starting material with the two aromatic aldehydes mentioned above yielded first compound 3 and then 4 (Scheme 2). In this way, two ICT donors which can be modulated with two different metal ion modulators were installed on the fluorophore in full conjugation.
The synthetic pathway for the third target molecule 7 is shown in Scheme 3. Here, we start with a phenylazacrown-tethered meso-phenyl-Bodipy 5 where the phenylazacrown moiety is chosen as a PET modulator. The ICT modulators were then added one after the other, using thiaazacrown-benzaldehyde, followed by dipicolylaminobenzaldehye, isolating the intermediate 6 during the two-step synthesis. The Knoevenagel condensations were driven by the continuous removal of the water formed using a Dean-Stark apparatus. Thus, compound 7 was obtained and purified by silica gel column chromatography. The azacrown ether has a larger affinity for harder alkaline and alkaline-earth cations. 19 The dithiaazacrown ligand is known to have a selectivity for Hg 2+ over many other metal ions. 14j The dipicolylamine ligand is known to be highly selective for Zn(II) in many literature examples. Thus, three target molecules having ligands of different affinities, organized in diverse arrangements, were synthesized.
Results and Discussion
Precise Control of PET and ICT Processes. The emission spectra of binucleating monostyryl-Bodipy 2 in the presence of added metal ion modulators are shown in Figure 2 . The emission spectrum of the dye has a broad peak, with a maximum at 679 nm. It is interesting to note that the addition of Zn(II) ions in the form of a perchlorate salt has a minimal effect with very small changes in the emission intensity or peak maximum; apparently the ICT donor dialkylaminophenyl group in full conjugation with the Bodipy core determines the spectrum, since Zn(II) at the applied concentration (1.67 µM) has a much lower affinity for the thiazacrown moiety and charge transfer is not altered to any extent. In addition, PET is known to be less significant in the longer wavelength region of the spectrum (Vide infra). On the other hand, the addition of Hg(II) (6.68 µM) alone leads to an entirely different outcome: the softer Hg(II) ions prefer the thiaazacrown ligand, causing a blue shift of 109 nm. This is due to a reduced charge transfer on metal ion binding, increasing the HOMO-LUMO gap. However, PET from the meso substituent becomes more pronounced, since Hg 2+ does not have a particularly high affinity for the azacrown; thus the emission intensity at the peak (570 nm) stays low. When both ions were added at the concentrations above, finally the PET from the dipicolylamine substituent is blocked and also the large spectral shift; we now have an impressive enhancement of emission at 570 nm. The inset picture shows the colorful signaling which is in accordance with the AND logic when the emission is recorded at 570 nm. The experimental results obtained here is in accordance with a theoretical model for a Bodipy system with both PET and ICT active groups. MO calculations for compound 2 at the DFT (B3LYP/6-31G) level reveal a number of frontier orbitals centered at the fluorophore or ligand(s), and using these data and protonation of the donor amino nitrogen as a reasonable model for metal ion binding, the following MO description of the signals can be obtained (Figure 3 ): (i) The major transition is always from the Bodipy centered orbital (HOMO or HOMO-1) to the LUMO, which is again invariably dye centered (DC in Figure 3) . (ii) PET activity is linked to the presence of a ligand centered HOMO (here ligand refers specifically to the dipicolylamine ligand) above a dye-centered orbital, to the energy gap between this HOMO orbital and the dye-centered HOMO-1. The magnitude of this gap is related to the thermodynamic driving force for PET and thus the rate of PET. PET is nonexistent or slow for compound 2 alone. However, the emission is still low due to a polar excited state, since the measurements were performed in a polar solvent. In addition, nonradiative decay is faster for longer wavelength transitions. When Hg(II) is added, since it is highly selective for the thiaazacrown unit, but not the dipicolyamine ligand, thus the energy level of the potential PET donor is not significantly affected. The dye centered orbital is now HOMO, and it will be an efficient PET donor. This is why when Hg(II) ions were added, there is a blue shift, but no increase in the emission intensity. In a 1:1 complex of 2-Hg(II), PET is expected to be more effective. When only Zn(II) ions were added, the relative positions of the dye centered HOMO and the ligand centered LUMO are not changed, but the ligand centered orbital is highly stabilized. This actually translates as little or no change in the emission character as the HOMO-LUMO gap is moderately affected. But when both ions were added, the stabilizion of dye centered HOMO (larger gap for the major transition) and the large stabilization of the ligand- Qualitative assessment of relative energy levels of frontier molecular orbitals in metal ion-2 interactions. DC refers to dye (2) centered molecular orbitals confined essentially to the Bodipy core. LC refers to the ligand centered orbitals which are potential electron donors at the excited state. These are invariably located at the meso-tethered dipicolylamine unit. LUMOs were adjusted arbitrarily to the same level for clarity. See Supporting Information for further details on computational work. 14f,20 A dilute solution (3.2 µM) of the distyrylBodipy dye 4 in acetonitrile has an absorbance peak at 698 nm ( Figure 4 ). When Zn(II) ions were added in the form of perchlorate salt, there is a small blue shift to 675 nm. A similar shift takes place when Hg(II) alone was added. It is clear that even an excess of these ions target essentially just one of the ligands, thus blocking ICT only partially. However, when both ions were added, the peak shifts further toward shorter wavelengths, the new metal-bound complex absorbs maximally at 630 nm. When the absorbance is recorded at 623 nm, the data are in accordance with AND logic. Absorbance data collected near the longer wavelength peak, however, result in an XOR logic. When these two gates are operated in parallel, a half-adder is obtained. The relevant spectra and the truth table for the two logic gates are shown Figure 4 .
Three-Input AND Gate. An absorption spectrum of the ternucleating (tritopic) compound 7 is presented in the Supporting Information, and the effects of added metal ions (Ca 2+ , Zn 2+ and Hg 2+ ) are apparent. The spectral data for all three target compounds and their metal complexes were tabulated in Table 1 . It is clear that the metal ions separately or together have different affinities (or regioselectivities). Harder Ca(II) ions prefer to interact with the harder azacrown ligand at the meso position of the Bodipy dye. This interaction is not expected to alter the absorption spectrum, but since it has to be added at a larger concentration (1.0 mM) than the other metal ions, a minor 25 nm blue shift is nevertheless observed, indicating some interference at the ICT donor ligands. Compared to a free fluoroionophore, an approximately 25 nm blue shift was observed in the following combinations: Ca(II), Zn(II), Ca(II)+Zn(II). Hg(II) is particularly effective, and in all input scenarios including Hg(II), there is a large 70 nm hypsochromic shift. Nevertheless, it is obvious that absorbance changes seem far too complicated to be of much use in logic gate design. However, the emission changes ( Figure 5 ) result in a better picture for this purpose. At the concentrations used in the present work (Hg(II) and Zn(II) at 20.0 µM and Ca(II) at 1.0 mM), only when all three cations were added as inputs, emission is significantly enhanced above the threshold. The three cations separately, or in other binary combinations, do not induce an enhanced and blue-shifted emission from compound 7. Thus, all three metal ion inputs are required simultaneously for the large emission increase at 656 nm; this behavior is in accordance with an AND logic gate. One can envision a scenario where elevated concentrations of three different molecular or ionic species may indicate a particular disease state (lab-on-a molecule, as elaborated previously by de Silva); thus a nonzero AND logic response could be a positive identification of that particular state. The use of multiple photophysical processes for eliciting an AND response is highly relevant, as it would minimize false positives, since for example, in this case, both a blue shift and large enhancement of the emission signal should be expected. In addition, simultaneous sensing is also possible: PET and ICT processes can clearly be addressed separately; for shorter wavelength emitting fluorophores, PET processes can be effective, and be separately blocked by an appropriate metal ion, resulting signal enhancement, regardless of the ICT modulating ions. On the other hand, the ICT donor ligand will result in a spectral shift which can be correlated to the concentration of the analyte targeting that particular ligand.
Binding Constants. Isothermal titration calorimetry was useful in determining the binding constants of Hg(II) and Zn(II) ( Table  2) . Experimentally determined binding affinities confirm the working principle of the proposed molecular logic gates. For example, half-adder molecule 4 when titrated with Zn(II) ions shows just one binding, indicating an affinity for the picolylamine ligand, but not for the dithiaazacrown ligand ( Figure 6 ). The two-input AND logic titration with Zn(II) ions also shows just one binding event. Compared to that of Hg(II) ions, the larger affinity of Zn(II) ions for the dipicolylamine ligand is apparent in the separate titration studies (Figure 7 ) done with these two cations and the reference compound 1 (4.8 × 10 7 M -1 for Zn(II) and 9.1 × 10 6 M -1 for Hg(II)). Titration of ditopic compounds with Hg(II) ions revealed that Hg(II) ions have strong affinities for both dipicolylamine and the dithiaazacrown ligands, and at larger concentrations both ligands would be engaged. But at the selected concentrations of Zn(II) and Hg(II) as inputs, the dynamic nature of the binding events dictates that Zn(II) ions with no affinity for the dithiaazacrown ligand and a larger affinity for the dipicolyl ligand will preferentially occupy the dpa ligand. This order of affinity will be in place for all three logic gates designs. On the other hand, the binding affinity of Ca(II) ions was significantly smaller; therefore the relavant binding constant in the interaction of these ions with three-input logic gate molecule 7 was determined by spectrofluorometry. The value obtained for K is 680 M -1 (Supporting Information) suggesting that, at higher input concentrations of Ca(II) ions, the crown ether moiety will be engaged by this cation.
Conclusion
We demonstrated that, with prior knowledge of respective binding affinities of metal ions for various ligands, it should be possible to design molecular logic gates using different metal ions as inputs. Bodipy chemistry is particularly useful in this regard, because it allows straightforward placement of ICT and PET donors on the same molecule, which increases signal diversity to a great extent. Styryl modifications of Bodipy proved to be a useful reaction. In the three examples presented, this modification allowed us to place ICT donor functionalities at strategically important positions. The result is straightforward syntheses of the target molecules, with responses compatible with AND logic, and a molecular half-adder with nonannihilating inputs. Outputs compatible with XOR logic have been difficult to attain without the use of self-annihilating (such as acids and bases, either Lewis or Bronsted-Lowry) inputs, but in the half-adder described in this work, this is done by the differential selective interactions between the ligands and the metal ions selected. Using signals obtained by exploiting the relative selectivity of inputs for different ligands/chelators, more challenging molecular logic operations should be within reach.
